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INNOVATIONS DESERVING EXPLORATORY ANALYSIS (IDEA) PROGRAMS
MANAGED BY THE TRANSPORTATION RESEARCH BOARD (TRB)

This investigation was completed as part of the ITS-IDEA Program which is one of three IDEA programs
managed by the Transportation Research Board (TRB) to foster innovations in surface transportation. It
focuses on products and result for the development and deployment of intelligent transportation systems
(ITS), in support of the U.S. Department of Transportation’s national ITS program plan. The other two
IDEA programs areas are Transit-IDEA, which focuses on products and results for transit practice in
support of the Transit Cooperative Research Program (TCRP), and NCHRP-IDEA, which focuses on
products and results for highway construction, operation, and maintenance in support of the National
Cooperative Highway Research Program (NCHRP). The three IDEA program areas are integrated to
achieve the development and testing of nontraditional and innovative concepts, methods and technologies,
including conversion technologies from the defense, aerospace, computer, and communication sectors that
are new to highway, transit, intelligent, and intermodal surface transportation systems.
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1. EXECUTIVE SUMMARY
This IDEA project explores the applications of infra-red lightwaves in ITS communication and automated vehicle
control. Two IDEA products emerge from this work: a communication system between the highway system and the
vehicles, and an automated highway system (AI-IS) in which the vehicle operates by itself without the need of an
operator or driver.

The devices required in the vehicle for the above two applications can be combined into one vehicle terminal (VT)
which would significantly increase the IDEA product’s utility to cost ratio. With millions of equipped vehicles on the
highway, the total cost of the proposed system’s infrastructure on the highway side will be no more than a few percent of
the total cost of these vehicle terminals. The proposed system thus furthers the ISTEA goal that ITS implementation
should be largely paid for by private investment.

Inexpensive semiconductor lasers of the GaAs family with a wavelength between 0.65 to 2 micrometers are used in
cost-conscious commercial applications, such as bar-code scanners. Because lightwaves in the visible wavelength range
are both disturbing and harmful to the human eye, our research is concentrated in the infra-red wavelength range (IR)
of 1 to 2 micrometers.

The currently predominant research and development efforts for ITS signaling and sensing applications are in the
millimeter wavelength range (MMW),  at the high end of what is generally considered to be “radio frequency” (RF).
These RF wavelengths are thousands of times longer than the operating wavelengths of inexpensive IR semiconductor
lasers. The shorter IR wavelength means a proportionally higher resolution in both space and time than would be
possible with RF devices. For AHS, higher resolution means a faster and more accurate determination of the vehicle’s
position and direction of travel relative to the lane center as well as the relative distance and speed of any obstacle in the
vehicle’s path. For communication, a higher time resolution means proportionally higher information exchange rate. A
higher resolution in transmitting and receiving beam directions means less required signal power and a higher signal to
noise ratio as well as elimination of interference.

The above discussion does not imply that a millimeter wave (MMW) device is necessarily, thousands of times lower
in its resolution than an IR device. In an actual design, the resolution of a MMW device must be stretched almost to its
theoretical limit to meet ITS requirements. In contrast, since ITS requirements are well within lR’s resolution range,
design emphasis can be placed on other factors such as size, cost, and reliability.

A recent development is the possibility of a directed and focusing laser (DAFL) [l]. It is well known that the
direction of an RF beam, either transmitting or receiving, can be controlled by changing the relative phase of an array of
antenna elements (a “phased array”). The directed and focusing laser (DAFL) can be described as an electronically
controlled phased array antenna for lightwaves. Because of the short wave length of light a DAFL can be realized as an
array of phase-controlled optical paths on a single semiconductor chip. This technology can be used to very substantially
reduce the size, manufacturing cost, and reliability of the proposed VTs (just as the integration of computer components
onto semiconductor chips has had this effect on computers).

Figure 1 illustrates a system for communication between a highway and its vehicles. On the highway side is a system
of infra-red lightwave transmitting-receiving terminals (HWT)  which are linked via commercial telephone lines, and/or
computer communication networks to a traffic operations center (TOC).  Each terminal has a built-in two-way signal
storage and forward device which could be implemented in a specially programmed microprocessor. The highway
terminal is mounted on an overhead structure (e.g. an overhead bridge) and a similar terminal device (VT) is installed
on each vehicle. The terminals can communicate with each other as the vehicle passes under the overhead structure
without stopping or slowing down, as shown in Figure 1.

Figure 2 illustrates an automated highway system (AHS) which takes control of the driving while allowing the driver
to work or rest. It is a common practice to implant small bumps on highway lane dividing lines to wake up a dozing
driver; our proposed system is to implant semi-spherical infrared reflecting objects instead. DAFLs on the vehicle
automatically beam at the reflecting objects, as shown in Figure 2. Thus it is possible to generate four steering signals in
the system: the angles and distances to the reflecting objects on the left and right lane dividers. A frontal laser signal
could also be designed to track the position of the vehicle ahead for longitudinal collision avoidance. These five signals
are sufficient for guiding a car in an automated system.

Our investigation shows that:

l No less then one Megabyte of data can be exchanged safely and reliably each time a HWT is passed under all
weather and traffic conditions. This is approximately the information content of the Holy Bible.
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l With the five guiding signals described above the vehicle can be controlled to cruise smoothly near the center of the
lane, even while the road twists and turns.

The consumer’s propensity to purchase the VT required for this system is enhanced by the ability of this equipment
to facilitate delivery of several ITS user services, several of which are listed below. Because of the system’s huge
information transfer capability the first four services below can be combined in one exchange package between the VT
and the HWT. Returned information can then be displayed on an inexpensive Liquid Crystal Diode (LCD) display as
desired by the vehicle’s operator. We propose that this IDEA concept be developed to complement other ITS
technologies (e.g. GPS, microwave, etc.).

Automatic toll collection
At toll collection stations, a vehicle containing a VT can pass directly through gates equipped with HWT without

slowing or stopping. The vehicle’s identity, time, and toll charge are automatically recorded in the HWT’s disk memory
and billed periodically to the vehicle’s owner.

Car-pool and minibus information
Terminals are provided at road-side car-pool lots. A potential share rider inserts his personal identification card and

enters his/her destination into a terminal which communicates with a nearby HWT. A vehicle or minibus looking for a
passenger picks up the list of potential passengers and their destinations by pushing a button shortly before encountering
the HWT. The list of potential passengers is then quickly displayed on his (or her) monitor. If a successful pickup is
made, the vehicle and new passengers insert their cards into the car pool terminal to notify the highway system. The
system is not only a convenience, but it also helps to reduce foul-play by letting both parties know that the identities,
time, and place of the share-ride event are on official  record.

Road condition, motel, restaurant, fuel, “best route” and other needed information
Information requested from a VT can be displayed on a monitor after one encounter with an HWT.

Commercial Vehicle Operations
For vehicles belonging to a commercial fleet, the vehicle’s identity and time of its passing through a HWT gate along

with directives or instructions from Fleet Control to the vehicle can be exchanged during each passing.

Automated driving
Automated lane-keeping and headway maintenance allows the driver to rest, relax, or perform his or her work

en-route, under all driving conditions including congested traffic, e.g. commuting near large cities.
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2. PROBLEM STATEMENT
This IDEA project explores the applications of infrared lightwaves in ITS communication and automated vehicle
control. Two IDEA products emerge from this work: a communication system between the traffic operations center
(TOC) and vehicles on its highways, and an automated highway system (AHS) in which a vehicle can control its
position within a lane and relative to other vehicles without driver assistance.

There are two objectives of our IDEA project: to explore the design of economically feasible IDEA products and to
prove the technical feasibilities of these products for their intended applications.
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2.1 TECHNICAL FEASIBILITIES

2.1.1 Feasibility of the Communication System
The feasibility conditions are the following:

. sufficiently strong laser signal to assure satisfactory communication under all weather conditions;

l sufficiently weak laser signal to assure a margin of safety to the eye at all times; and

l system operability under all traffic and weather conditions.
This last condition implies that the system’s operation will not impede traffic flow in any way and that, even in a

traffic jam, there will be no cross-talk or interference between communication links.

2.1.2 Feasibility of the Automated Highway System
The AHS feasibility conditions are the following:

. sufficiently simple and rugged steering algorithms for reliable operation;

l high dynamic stability so that any initial deviation from the guided path would decrease with time; and

. sufficient accuracy in steering signals so that the vehicle would stay close to the center of the lane.

2.1.3 Scientific and Technological Feasibility of the DAFL Device
The DAFL device feasibility conditions are:
. material feasibility (selection of semiconductor materials which have the desired dependence of phase-shift on

carrier density), and

l design feasibility (a DAF’L can be designed and mass-produced to meet the system requirements).

2.2 ECONOMIC FEASIBILITIES

There are two economic feasibility conditions:

l the vehicle terminal devices for communication and AHS are to be mass-produced at a price not much above an
expensive accessory, e.g. a personal computer or a musical system; and

l the total cost on the highway system, which include installation and maintenance, should be low compared to the
total cost of the terminal equipment on all vehicles using them.

The first condition is important to the wide-spread use of our LOOC product. The second condition is important for
its nation-wide and world-wide adoption. Most economists agree that public or government spending is a drain on the
economy because the money has to come from taxation while private spending on a new and useful product is a boost to
the economy.

3. RESEARCH APPROACH
This section summarizes calculations which investigate the feasibility of communication, automated vehicle control,
and the associated enabling devices (VT and HWT terminals). The feasibility conditions listed in section 2 are evaluated
and system design limitations are explored for both communication system and AI-IS functional requirements. There is
also a discussion of issues involved in the design and manufacture of the hardware needed for system implementation.
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Figure 9 illustrates the transmitting DAFL beam pattern and receiving DAFL sensitivity pattern of two
corresponding terminals in the horizontal plane. The radiation patterns are fixed vertically. The receiving DAFL angle
is automatically controlled to yield equal signal strength in the two lobes. The transmitting beam pattern and receiving
sensitivity patterns for the same side are aligned. Therefore, once communication is established in one direction, it is
also established in the other direction.

For AHS the same beam control firm ware is used. However, the opposite transmitting beam is replaced by the
reflected beam. The reflector range is determined by the time delay between transmitted and reflected laser pulses. The
DAFL radar and steering signals can also be used as a driver’s aid in bad weather. In general, the laser’s infrared
sighting distance is longer than that of the eye. The signals can be used to monitor obstacles ahead and their speeds, and
the vehicle’s positional deviation from the center of the lane.

Microwave communication devices and GPS can also be added to the vehicle terminal with the same computer. A
PC has more than adequate capacity for all the above mentioned functions. With the added devices, but without a
keyboard, a vehicle terminal can be mass-produced and sold in the price range of $1,000 to $2,000.

4. RESULTS - AN IDEA PRODUCT
In our proposed IDEA system, a number of HWT’s  and AHS’s are installed at population centers to meet highway

communication and automated driving needs. Automatic toll collection, share-ride information, up-to-the-minute
general road conditions, “best route” information, motel, gas, shopping, and repair shop information can all be easily
transacted during one encounter of the VT with a HWT.

The IDEA-AHS is capable of satisfying many automated driving needs:

. IDEA-AHS is well suited to both urban and rural operational environments;

. Check in and check out operations are as simple as turning on and off the cruise control, assuming that ordinary
precautions in switching lanes are observed;

l Longitudinal control is maintained by a signal from the front end DAFL, which gives both the relative speed and
position of the vehicle in front, lateral control is maintained by the reflector sensing DAFL signals, which give
look-ahead lane guidance;

. IDEA-AHS is easily deployed within existing freeway networks; and

l IDEA-AHS can help relieve congestion from nearly parallel roadways by increasing capacity.

Both the vehicle terminals (VT) and highway system terminals (HWT) are suitable for mass-production. Vehicle
terminal sales potential is in the range of millions of units per year. While HWT sales potential is lower in comparison,
volume there is also in a respectable range. Standard regional maps in vector graphics are very useful for VT and are
commercially available in many areas.

Specific local information and operational programs for HWT can be recorded on disks or diskettes. When a HWT
needs to be serviced, its hardware can be replaced by a standard shelf item, and its software can be transferred within
minutes. Since a personal computer rarely breaks down, the down time of a HWT would be almost nil.

5. CONCLUSIONS
The main result of the present research is an LOOC product to facilitate ITS implementation.

On the PRO side, development of our IDEA product is a job well suited to private industrial competition. With
adequate funding development of our IDEA product will take no more than five years. A fully augmented system’s
implementation can be achieved within ten years.

On the CON side, we have not yet produced the first DAFL. There is no doubt of DAFL’s scientific design feasibility
but facilities for development and production of the DAFL may require funding on the order of several million dollars.

Our planned next step is a Phase II research proposal. The proposed project will have three tasks:

. Realization of Phase I IDEA products with a laser having servo-controlled beam direction (LSBD). This is a
hardware project for realizing our Phase I IDEA products with LSBD instead of DAFL. The same computer and
electronics are used. LSBD can be done with a rugged servo-controlled deflecting mirror design. It is probably
more costly and less rugged than the DAFL, but can be used to realize the same goals.
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l Further studies on methods of DAFL production. Two methods of modifying a molecular beam epitaxy machine to
produce DAFLs  will be considered. The proposed study may also include investigation of other fabrication
methods.

l Applications of DAFL and LSBD to transportation safety for autos, trains, and possibly aircraft.
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FIGURE 1 Communication between vehicle and highway system terminals.

FIGURE 2 Use of DAFL in automated highway system.

FIGURE 3 Probabilities of error versus vehicle distance.

FIGURE 4 Simulated AHS results on a typical highway section (units are in meters and radians).
(a) x-y coordinates of the lane center line.
(b) lateral position error from lane center line and heading error versus distance with initial position error.
(c) same as (b) with initial heading error.
(d) effects of random error in measured direction of reference points.

FIGURE 5

FIGURE 6

FIGURE 7

FIGURE 8

FIGURE 9

FIGURE 10

Cross-section of the light-reflecting geometry.

Vehicle terminal design.

Intelligent highway communication system design.

Vehicle terminal design for automatic driving.

Electronic laser beam control radiation patterns.

Carrier density coeffkients of the index of refraction versus the lightwave frequency variable x.
-real component (phase) -imaginary component (gain). The various curves represent parametric dependence on
the temperature - relaxation time parameter.

FIGURE 11 PCC channel output openings. Arrows indicate direction of radiation.

FIGURE 12 Schematic diagram of the MBE process for the growth of p- and n-type ALxGal-xAs.
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FIGURE 2 Use of DAFL in automated highway systems.
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Fig. 4 (a)
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Fig. 5 Across-section of the light-reflecting geometry
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Fig. f I PCC channel output openings.
Arrows indicate direction of radiation
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